Collective electronic excitations of disordered potassium adsorbed on Ag(110) have been studied by energy loss spectroscopy-low-energy electron diffraction (ELS-LEED) for overlayer thicknesses varying from 0.3 to 2.3 monolayers. We find that, in the long-wavelength limit, the argon surface plasmon energy shifts upwards with increasing potassium coverage, contrary to the expectation of classical dielectric theory, while its dispersion decreases. The potassium-induced loss, connected to the 3s to 3p interband transition, sets in above half a monolayer coverage, indicating a filling of the K(3s) state. Above one monolayer coverage collective potassium-induced modes are observed as well.
Introduction
for the films deposited on Al(111), while in the case of Ni(111) the form of the dispersion already coincides with that of a thick potassium film for Elementary electronic excitations of alkali-metal the bilayer case. No explanation has been found atom overlayers adsorbed on metal surfaces have so far for this non-universal behaviour. Moreover, been a subject of investigation for many years (see in both cases the energy loss shifts with coverage, [1] and references therein). Of special interest is a phenomenon which was ascribed [4] to the the case of very thin films [less than two monocoverage-dependent interplay of the electronic layers (ML) thick] for which the spatial confineinterband transition at low coverage and of the ment of the conduction electrons is important.
excitation of monopole and multipole surface plasAngle-resolved experiments were performed for mons at higher coverage. In the present paper we potassium and sodium on Al(111) by Tsuei et al. shall address the case of a disordered potassium [2] and more recently for K/Ni(111) by Chiarello film deposited on Ag(110), a system characterized et al. [3] with contradictory conclusions: a signifiby no alloying intermixing in the bulk [5] . Our cant dependence of the initial dispersion of the results are at variance with those of K/Al and potassium-induced loss on coverage was reported K/Ni, indicating that the problem is more complicated than assumed so far. Contrary to the cases of K/Al and K/Ni, we only above an average overlayer thickness, H K , of Contrary to the case of K/Al(111), the quality of the LEED pattern deteriorates when annealing 0.52 ML. Moreover we find that the dispersion at H K =0.69 ML is equal to that of the surface plasthe system at T=240 K, as demonstrated by a strong decrease of the elastic diffraction intensity. mon of a thick potassium film [1] . Also, the substrate surface plasmon is heavily affected by This behaviour indicates that some form of surface alloying occurs when heating the system. To avoid the presence of potassium. It shifts to higher energy with respect to the clean surface for small transferthis phenomenon the ELS-LEED data discussed here were recorded at 100 K for unannealed red momenta, q d , while the initial slope of its dispersion decreases.
overlayers.
Presentation of the data 2. Experimental
The experiment was performed in ultra-high Sample spectra recorded at E i =51.4 eV as a function of potassium coverage at vanishing q d are vacuum (3×10−10 mbar) on an Ag(110) single crystal with low dislocation concentration in the reported in Fig. 1 . Similar data were obtained for E i =65.3 eV, thus demonstrating that the losses bulk. The surface was prepared in situ in the usual way [6 ] by ion sputtering and annealing until no are dipolarly excited. For a potassium coverage traces of impurities could be detected by Auger electron spectroscopy (AES) and by energy loss spectroscopy-low-energy electron diffraction ( ELS-LEED). Potassium was evaporated from a well outgassed commercial getter source (SAES getters). The crystal was held at a temperature, T, of 100 K to inhibit surface reconstruction, which is known to take place above 250 K (the exact value depends on H K [7] ). The surface structure was characterized by spot profile analysis of the LEED peaks (SPA-LEED), while evaluation of the potassium coverage was obtained by AES from the ratio of the intensity of the potassium transition at 252 eV and the silver transition at 352 eV. A monolayer is defined by the number of the potassium adatoms; i.e. 5.4×1014 atoms cm−2. No LEED superstructures were observed, indicating the amorphous structure of the overlayer.
The energy loss spectra were recorded by energy loss spectroscopy of low-energy electron diffraction ( ELS-LEED), a new spectrometer system with both high momentum and high energy resolution [8] and therefore particularly apt for surface plasmon dispersion measurements [9] [10] [11] . In the present experiment we worked with a momentum resolution of 0.02 Å −1, as determined from the to-noise ratio for the losses.
lower than H K =0.52 ML only the silver surface of the atoms [12] [13] [14] . At H K =0.11 ML additional features are present between the zero-and firstplasmon is present. Its frequency shifts upwards with increasing coverage while the loss broadens.
order diffraction peaks along 001 , indicating a local (1×2) reconstruction of a portion of the Between H K =1.02 ML and H K =1.54 ML the loss width shrinks again. No loss in this frequency substrate surface. Weaker additional features are visible along 11 : 0 at the same potassium coverage range is present above H K =2.27 ML. Above H K =0.52 ML a potassium-related loss shows up, and are due to a correlation between potassium adatoms, as discussed elsewhere [15] . At higher which is much broader than the silver surface plasmon, whose energy increases with H K up to H K any additional peak in the SPA-LEED patterns is present because of the disordered potassium 1.02 ML and then decreases again. No energy losses could be observed above H K =2.3 ML adsorption. For H K >0.3 ML we expect from Ref. [7] a higher reconstruction temperature, so because of vanishing surface reflectivity. The corresponding SPA-LEED profiles, recorded with ELSthat even local reconstruction is inhibited at T= 100 K. LEED along the high-symmetry 001 and 11 :0 directions, are reported in Fig. 2 . No superIn Fig. 3 the energy of the silver surface plasmon loss, BvAg sp (upper part), and its damping ( lower structures are present; this is indicative of statistically distributed potassium adatoms without island part) at vanishing momentum transfer are reported versus H K . BvAg sp increases monotonically with formation as no splitting of the peaks is observed. Potassium adsorption causes a general decrease in increasing H K . The shift is linear below H K between 0.52 ML and 0.69 ML, where it jumps abruptly intensity of the diffraction spots and the formation of an elastic background peaked exponentially from 3.74 eV to 3.78 eV. This shift is correlated with an increased damping of the losses, whose around the diffraction channels. The intensity of the (0,0) diffraction spot decreases exponentially FWHM grows (after deconvolution) initially linwith H K , indicating a strong increase of the surface roughness and an increased vertical displacement early from the bare surface value of 95 meV to we see that the weight of the (initially anisotropic) linear dispersion term is decreased with respect to 155 meV at H K =0.52 ML and then jumps to 200 meV, before eventually decreasing again above the case of the bare surface (continuous line), shifting from 0.62 eV Å along 001 to the iso-1.02 ML.
The q d dependence of the silver surface plasmon tropic value of 0.24 eV Å at H K =0.52 ML. Such a value is thus very near to the linear term of the frequency and damping along 001 is reported in Fig. 4 for two values of H K . At small H K ()) bare surface along 11 :0 , which reads 0.25 eV Å . The quadratic term decreases initially with respect the silver surface plasmon loss shows a slight increase in damping around 0.10 Å −1, a slight to the bare surface value, passing from 3.4 eV Å 2 to 1.6 eV Å 2 at H K =0.11 ML, and eventually increase of the energy at q d =0, and a slight decrease at large q d . On the contrary, the dispersion increases again to recover the initial value at large H K (it is 3.6 eV Å 2 at H K =0.52 ML). The same along 11 :0 is little affected except for the increase of the frequency at q d =0. At large H K (%) the effect is present also for the ordered (1×n) reconstructions as described elsewhere [17] , and is due loss is more heavily damped and strongly shifted in energy also near q d =0, joining the dispersion to the formation of potassium-induced interband transitions. curve of the clean surface only above 0.07 Å −1.
Fitting the dispersion curve with the quadratic In Fig. 5 , BvK and the FWHM of the potassiumrelated feature are reported versus H K . The mode form:
appears at H K #0.5 ML at BvK=2.81 eV and then
shifts up to 2.93 eV at the completion of the first potassium layer, while getting broader. Its energy diminishes eventually again for H K >1 ML. We notice that at H K =2.27 ML the maximum of the potassium-related loss has reached the same energy as reported for the surface plasmon of a thick surface. However, a shift was reported also for Cl/Ag(111) [18] , although in the opposite direcpotassium film [1] .
The dispersion of the potassium-related energy tion than for K/Ag(110). In that case the effect was ascribed to the poor angular resolution of the loss peak versus q d for H K =0.69 ML is reported in Fig. 6 . Beyond q d =1 Å −1 the peak broadens experiment; i.e., to the integration in momentum space of a dispersion which changes from positive considerably and the inelastic intensity vanishes. The dispersion is linear and negative with a slope to negative. Such an explanation does not hold for the present case as: (1) the dispersion of the of −0.96±0.06 eV Å , while BvK(0)=2.89 eV. The former is the same as reported for the surface loss changes with potassium coverage but remains positive; and (2) the q d integration is negligible for plasmon of thick potassium films, while the latter is about 10% higher [2] .
our data because of ELS-LEED acquisition. The effect must therefore have a physical origin. With reference to Fig. 3 , we can distinguish two different potassium coverage ranges. At low cover-4. Discussion age (H K <0.52 ML) the peak shifts linearly with H K remaining sharp. If the effect was associated 4.1. Substrate mode at 3.7 eV to the interplay of the intensity of a surface plasmon at 3.70 eV and multipole mode at 3.74 eV The energy and dispersion of the surface plasmon of the silver substrate are already strongly [9] , we would -contrary to experimental evidence -expect that the shift depends on the impact affected by potassium adsorption at low coverage. As mentioned above, the effect on the quadratic energy as the multipole loss is not dipole-active [9] . If it was associated to the excitation of the term of the dispersion is due to the presence of potassium-induced interband transitions and is bulk plasmon, on the other hand, we would not expect a linear shift as the intensity of the latter discussed elsewhere [17] . In contrast, the effect on the surface plasmon frequency and on the slope mode is much weaker than that of the surface excitation [6 ] and we would expect it to become of the dispersion are specific of the high-coverage phase.
significant only above a finite coverage, again contrary to experimental evidence. The phenomeThe shift of the silver surface plasmon frequency at q d =0 is not expected by dielectric theory, which non might be therefore indicative of a departure from ideal dielectric theory and be connected with states that this quantity should be determined by the condition that the bulk dielectric function e(v) the shift from the value appropriate to the surface plasmon [determined by e(v)=1] to the value is −1, independently of the state of the silver appropriate to the interface mode [given by e(v)=−e film ]. The jump at H K =0.69 ML cannot be explained within this frame. It could be due to the onset of a potassium-related mode. Indeed, for K/Al, Liebsch and Liebsch and Schaich [19, 20] find for the bilayer case that the loss spectra should be dominated at q d =0 by the multipole mode of the overlayer at 3.5 eV. Such a mode might have an energy of 3.82 eV in the case of K/Ag because of the different density of the potassium film and be present already at an average coverage smaller than 1 ML, because of the strong inhomogeneity of the overlayer. This interpretation would also larger potassium coverage, where the fraction of the surface covered by the potassium bilayer plasmon, as it corresponds to areas of the surface where multiple layers have already formed. becomes dominant.
The decrease of the linear dispersion coefficient with H K might be due to either: (1) the modification of the charge density profile at the surface, 5. Conclusions connected to surface charging, which would influence the position of the centroid of the induced
The ELS-LEED investigation on disordered charge; or (2) a q d -dependent shift of the surface potassium overlayers absorbed on K/Ag(110) plasmon frequency connected to modified screenreported here shows that collective electronic exciting of the d electrons. For Cl/Ag, where positive ations are strongly affected by potassium adsorpcharging of the substrate is present, the slope tion. For the substrate modes we observe that changes from positive to negative [18] . For K/Ag the surface plasmon energy increases while its we have charging with opposite sign and, following dispersion slope decreases. A potassium-induced the discussion of Ref. [18] , the spill-out density interband transition forms above 0.52 ML potasprofile is expected to become smoother, thus sium coverage, corresponding presumably to the moving the centroid of induced charge further shifting of the potassium s state below the Fermi outside the geometric surface. On the other hand, level. At higher coverages such a feature is superthe polarizable ion cores of the silver atoms should imposed on the surface plasmon mode present in be better screened so that the frequency at large regions of higher local potassium thickness. Above q d should decrease. The two effects therefore have an average coverage of 1 ML another mode opposite sign for K/Ag and the latter seems to appears slightly above the surface plasmon energy. dominate.
We assign it tentatively to the multipole mode of potassium bilayers. As the observed loss features 4.2. Potassium-induced mode are dictated by the interplay of the intensities of the different modes, the dependence of the The potassium-induced loss appears only above electronic excitation spectrum on potassium H K =0.52 ML. We associate it to the interband adsorption will in general depend on the particular transition between the s and p states of potassium. metallic substrate under investigation. A similar late onset of the interband transition was reported for K/Ag(001) [21] and attributed to the fact that the potassium-induced s state is Acknowledgements empty below a critical coverage of 0.5 ML. We believe that the same explanation holds also for
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In accordance with this, the q d dispersion of the to the one reported for the potassium surface
